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Highlights 
Herein we report a citrate functionalized gold nanoparticle (AuNP) surface enhanced 
Raman spectroscopy (SERS) based sensor employing the metal-affinity properties of the 
citrate molecule.  
 
 Citrate functionalised gold nanoparticles (AuNPs) display strong surface enhanced Raman 
scattering which can be used for surfaced enhanced Raman spectroscopy (SERS). 
 Their specific and strong interaction with heavy metal ions led to a sensing 
application for the detection of Pb
2+
 ions 
 The Pb2+ ions interact with the citrate molecules via their carboxylate and hydroxyl groups 
altering the molecular spectra pertaining to the as(COO
-), s(COO
-) and (C-OH) bands. 
 The (C-OH) band was used for the determination of the Pb2+ ion concentration:  It 
decreased upon reducing the ion concentration and was found to be linear between 25 ng/L 
and 1000 ng/L with a 0.9676 correlation coefficient (R2) value. 
 This method showed good recovery and relative standard deviation (RSD) values. 
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ABSTRACT  
Citrate functionalised gold nanoparticles (AuNPs) display strong surface enhanced 
Raman scattering, which can be used for surface enhanced Raman spectroscopy 
(SERS). The specific and strong interaction between the heavy metal ions and surface-
bound citrate molecules lead to a sensing application for the detection of Pb2+ ions.  
Herein we report a citrate functionalised gold nanoparticle (AuNP) surface enhanced 
Raman spectroscopy (SERS) based sensor, employing the metal-affinity properties of 
the citrate molecule to detect Pb2+ ions. The Pb2+ ions interact with the citrate molecules 
via their carboxylate and hydroxyl groups altering the molecular spectra pertaining to 
the as(COO
-), s(COO
-) and (C-OH) bands.  The (C-OH) band was used for the 
determination of the Pb2+ ion concentration.  It decreased upon reducing the ion 
concentration and was found to be linear between 50 ng/L and 1000 ng/L with a 0.9982 
*Manuscript
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correlation coefficient (R2) value. This method also showed good recovery and relative 
standard deviation (RSD) values. 
 
 
Keywords: Gold Nanosensor, Citrate, Lead, SERS  
1. INTRODUCTION 
Heavy metal pollutants detected in water can vary down to trace and ultra-trace 
concentration levels (µg/L – ng/L).  Despite these concentrations, the long-term 
exposure can have a serious impact on the environment and human health [1,2]. An 
infamous heavy metal pollutant is Pb which can be present in air, soil and water 
systems and even at low concentrations is known to cause health risks to animals and 
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humans [3-7].  Even at blood levels as low as 50 µg/L, research has shown that Pb can 
damage the infant brain leading to sometimes life-long health problems [8]. 
Exposure to Pb can occur via many physiological pathways including ingestion, 
inhalation, or skin contact and can be present in air, food and water [9,10]. For general 
populations a main source of Pb exposure is through drinking water leading the World 
Health Organization (WHO) to set a guideline for 10 μg/L in drinking water [11].  These 
examples undoubtedly demonstrate the importance of Pb pollution control and detection 
within water bodies and drinking water whilst validating the importance of sensitive 
heavy metal detection techniques.  
The most commonly used analytical techniques for Pb trace and ultra-trace analysis 
of heavy metals includes potentiometry, voltammetry, and atomic spectrometry, 
including ICP-AES and ICP-MS [12]. These methods can be time consuming and 
expensive – especially with ICP techniques. Therefore, cheaper and less time 
consuming methods are being sought after. Additional problems encountered in 
determining the concentration of Pb in water are matrix effects and concentrations of Pb 
lower than the detection limits of standard instrumental methods. These problems can 
be solved by using a preconcentration/separation method. Standard 
preconcentration/separation procedures include liquid–liquid extraction, solid-phase 
extraction, co-precipitation, cloud point extraction and ion-exchange separation. These 
can limit matrix effects and improve the sensitivity of the analysis method by removing 
the metal ions from matrices and concentrating the ions via preconcentration[13].  
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Nanomaterials are now widely integrated into the area of chemical sensors [14, 15]. 
The success of nanomaterials for sensing applications is due to their distinctive 
chemical and physical properties that they can possess due to their composition and 
size which might not be evident in the corresponding bulk material. Novel effects can 
include a high surface area to volume ratio, light absorption, conductivity, magnetism, 
mechanical strength, and visible photon emission that can be applied to sensing 
practices [16-21].  Gold exhibits unique optical properties when fabricated with 
nanometre dimensions. They exhibit an intense absorption in the visible/near-UV region 
that is absent in the spectrum of the bulk material. This is a result of the coherent 
oscillation of the conduction electrons confined to the nanodimensions of the 
nanomaterial‘s surface [22]. This is known as localized surface plasmon resonance 
(LSPR) and is accredited to many of the phenomena that can be induced when using 
noble metal nanoparticles.  These include fluorescence boosting by plasmon 
enhancement, plasmon quenching and surface enhanced Raman spectroscopy (SERS) 
which have been developed into analytical methods for the sensing and analysis of 
chemicals pertaining to heavy metal pollution [23-27].  
SERS can be understood as the combination of an electromagnetic enhancement 
mechanism and a chemical enhancement mechanism. On inducing the LSPR of a 
nanoparticle surface the local electromagnetic ﬁeld is enhanced enhancing the Raman 
scattering signal by an approximate order of 104 [28]. Charge-transfer resonances from 
the metal NP to the surface molecules have also been observed with a chemical 
enhancement factor of 102 arising from the excitation of the surface molecule‘s localised 
electronic resonances. This has led to Raman scattering enhancement factors in the 
 5 
104 –1015 range depending on the method employed [29]. Some of the higher 
enhancement factors can be reached by the production of Raman ‗hotspots‘. Causing 
NP aggregation or closely packed NP arrays produce large electromagnetic fields 
between neighbouring NPs.  This has been demonstrated to improve the signal of 
SERS spectra by 1014 greater than normal Raman signals[48,49]. 
AuNPs s can be functionalised with molecules to capture target chemicals and allow 
them to build up around the nanoparticles‘ surfaces for the purposes of SERS.  This 
means that very weak Raman signals can then be observed of the target chemical. 
SERS is a dominant nano-analytical method producing impressive limits of detection 
and has been used to detect ions down to pM concentrations. Remarkably, Silver 
nanoparticles co-functionalized with cysteine and 3,5-Dimethoxy-4-(6′-
azobenzotriazolyl)phenol have been used to detect pM concentrations of Cu2+ and 
Hg2+ metal ions via a SERS analytical technique via an aggregation-induced SERS [30].  
Also, 2-mercaptoisonicotinic acid (2MNA)-modified AuNPs have also been utilized for 
the detection of Pb2+ ions to 100 nM concentrations in solutions by using chemicals to 
mask the interactions of other metal ions in the solution [31]. 
   To achieve sensitivity towards metal ions the functionalising molecules on the 
particles‘ surfaces should have a strong affinity for heavy metal ions. The citrate 
reduction of gold chloride (HAuCl4) is one of the mostly widely used methods for the 
preparation of water soluble AuNPs. The citrate molecules are used to stabilise and 
control the growth and size of the NPs [32-36]. Citrate molecules have a hydroxyl and a 
carboxyl functional group on the 3rd carbon and a further two terminal carboxyl groups 
on a pentane back-bone. The carboxyl and hydroxyl groups of the citrate molecules 
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have a strong affinity to a variety of divalent metal ions including the heavy metals Pb2+, 
Ni2+, Cd2+ and Hg2+[37-40]. This has also been seen when using citrate functionalised 
AuNPs in some metal solutions [41, 42]. This has brought about several citrate 
functionalised nanosensors derived from AuNPs [43]. 
   
 Low maintenance and running costs relative to many low detection limit analytical 
instruments mean that Raman spectrometers coupled with SERS techniques are much 
cheaper analysis method than many standard analytical methods with low limits of 
detection. In this study we have derived a method for determining Pb2+ ions at different 
concentrations designed for after simple separation techniques to cut-out the need for 
expensive analytical equipment.  It is hoped that this will provide a reliable, cheap, and 
easy-to-use alternative to analytical techniques already employed for the trace and 
ultra-trace analysis of metals in water.  
 
2. EXPERIMENTAL SECTION 
2.1. Chemicals and Materials 
   Gold(III) chloride trihydrate and trisodium citrate dehydrate,  Pb(NO3)2 (ASC >99.0%) 
CdCl2 (Technical Grade), NiCl2 (98%), HgCl2 (99.5%) and FeCl2 (98%) were obtained 
from Sigma-Aldrich, UK.  
2.2. Methods 
 AuNPs were prepared by the standard Turkevich method, which involves reduction of 
gold chloride using sodium citrate [40]. Water (105 mL) was heated to boiling in a 250 
mL conical flask.  The water was removed from the heat and trisodium citrate (61.7 mg) 
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was added.  Aqueous HAuCl4.3H2O (1 mL, 9.9 mg) solution was then added to the 
citrate solution and left for 15 min whilst stirring. Metal ions stock solutions were 
prepared for Pb2+,Cd2+, Ni2+, Hg2+ and Fe2+ (3.81 x 10-4 M) and diluted to concentrations 
ranging from (3.81 x 10-4 M – 5.18 x 10-6 M).  Metal ion solutions were then added to the 
AuNP solutions as a 1 to 1 volume ratio. SERS samples were prepared by dropping 60 
µL of  AuNPs solution or metal ion/AuNPs mixtures onto glass slides and drying in an 
oven at 70oC.  The metal ion/AuNP solutions were dried onto glass slides to create a 
closely packed AuNP array to encourage Raman hotspots to further enhance the SERS 
signal. For the assessment of the sensing capabilities of this SERS based method, the 
concentration of Pb2+ ions will be noted in the ng/L units which is standard notation for 
metal concentrations in water systems. 
 
2.3 Characterisation 
   UV-Vis absorption spectroscopy was carried out to determine the LSPR absorption 
maximums of the AuNPs and metal ion/AuNPs solutions (Perkin Elmer Lambda 40 UV-
Vis Spectrometer). Analysis of the size and morphology of the AuNPs was performed 
using transmission electron microscopy (TEM, Philips Technai 12 Biotwin) and photon 
correlation spectroscopy (PCS, Zetasizer Nano ZS, Malvern Instrument, UK).  
Attenuated total reflectance Fourier transform infrared (ATR-FTIR, Thermoscientific 
Nicolet iS5 FTIR iD5 ATR) spectroscopy was used to obtain vibrational spectra of the 
surface citrate and metal citrate species present on the AuNPs surfaces. Solutions were 
added to glass slides by dropping a single drop from a graduated glass pipette (20 µL) 
and allowing the sample to dry in air. A blank ATR-FTIR sample spectrum was obtained 
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for a clean glass slide and then the spectra were recorded for the AuNPs and metal 
ion/AuNPs solutions.  SERS spectroscopy was used to obtain vibrational spectra of the 
citrate functional molecules on the AuNPs surfaces before and after the addition of 
different concentrations of metal ions (Renishaw inVia Raman Microscope with a 514 
nm argon laser, 50 mW).  
 
3. RESULTS AND DISCUSSION 
3.1 Mechanistic basis for the system 
   The transmission electron microscopy micrograph confirms the synthesis of 
monodispersed AuNPs (Figure 1). The AuNPs exhibited LSPR, as shown by the deep 
red solution and a single LSPR absorbance band in the absorption spectrum, 
characteristic of non-aggregated solutions (Figure 1 insert). The synthesised citrate 
functionalised AuNPs were shown to be ca. 6 nm in diameter and well dispersed with a 
surface charge of –44.3 mV, indicating a stable colloidal solution, according to DLVO 
theory[45,46]. 
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Figure 1. TEM micrograph of the c.a. 6 nm diameter, well dispersed AuNPs used here. 
(Insert) The absorption spectrum for the citrate functionalised AuNPs synthesised here. 
 
In the presence of a 0.19 mM concentration of Pb2+ ions the AuNPs underwent rapid 
aggregation resulting in a blue solution, which became clear after 15 minutes. This a 
result of the broadening of the LSPR absorption band, which is attributed to the effects 
of plasmon coupling, experienced when plasmonic NPs come into close proximity 
(Figure 2 insert)[47]. 
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Figure 2. TEM of aggregated AuNPs, after the addition of presence of Pb2+ ions (0.19 
mM), and the corresponding UV-Vis absorption spectrum for the same aggregated 
AuNP solution. 
 
As a comparison to Pb2+ ions, Ni2+, Cd2+, and Hg2+ ions (0.19 mM) were added to 
different AuNP solutions. These samples displayed no features of plasmon coupling in 
the UV-Vis absorption spectra and the solutions remained relatively red. Although, the 
addition of the Ni2+, Cd2+, and Hg2+ ions did produce relatively minor LSPR absorption 
band shifts of -18 nm to +30 nm, indicating that the metal ions were interacting with the 
citrate molecules bound to the surfaces of the AuNPs. 
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3.2 SERS spectra of citrate functionalised AuNPs.   
Figure 3 shows a SERS spectrum for the citrate molecules bound to the surface of the 
AuNPs. The bands situated at 1578 cm-1 and 1373 cm-1 are respectively due to the 
asymmetric and symmetric stretches of the carboxylate groups (as(COO
-) and s(COO
-
)).  The symmetric stretch band of the carboxylate has shifted from the literature value 
for free citrate molecules (1417 cm-1), which reveals that the citrate molecules had 
adsorbed onto the surfaces of the AuNPs[50]. In addition to the carboxylate group 
stretching modes, there are the bands assigned to the stretching modes of the citrate 
hydroxyl group, located at 1096 cm-1 ((C-OH)) and ~3200 cm-1 ((O-H)).  
 
Figure 3. SERS of the surface citrate molecules functionalising AuNPs 
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3.3 Effect of Pb2+ ion interactions with the surface citrates.  
 The interaction between the carboxylate groups of the surface-bound citrate molecules 
with the Pb2+ ions was evident as the intensities of the as(COO
-) and s(COO
-) bands 
were altered(Figure 4). A noteworthy feature of the spectrum is that the (O-H) Raman 
band has reduced considerably. When comparing ATR-FTIR spectra for the AuNP and 
Pb2+/AuNP SERS samples, it is evident that the (O-H) band reduced on the addition of 
Pb2+ ions (Figure 5). These changes to the (O-H) band were directly dependent on the 
concentration of the Pb2+ ions in the AuNP solution.  In addition, the pH value was 
inversely proportional to the concentration of the Pb2+ ions, suggesting the loss of the 
(O-H) band is a result of the de-protonation of the hydroxyl group upon Pb2+ binding.  
 13 
 
Figure 4. SERS spectrum for the Pb2+/AuNP sample (0.19 mM) 
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Figure 5.  ATR-FTIR spectrum for the hydroxyl group of the Pb2+/AuNP samples with 
difference concentrations of Pb2+ ions 
 
Ni2+, Cd2+, and Hg2+ ions also altered the as(COO
-) and s(COO
-) Raman bands 
indicating the binding of the ions with the functional molecule‘s carboxylate groups. The 
SERS spectra obtained for each the metal ion/AuNP sample was different with respects 
to the as(COO
-) and s(COO
-) band positions and intensity. Additionally, in comparison 
to the Pb2+/AuNP sample all of the other metal ions retained their (O-H) band. 
Although these spectra were noticeably different it was impossible to determine a 
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preferred metal-citrate species from a mixed metal ion solution containing 0.19 mM of 
Ni2+, Cd2+, Pb2+ and Hg2+ ions (Figure 8).   
 
 
Figure 6. SERS spectra for the as(COO
-) and s(COO
-) Raman bands for the Ni2+, 
Cd2+, Pb2+ and Hg2+ ion/AuNP samples (0.19 µM) and a mixed metal ion/AuNP solution 
containing all of the above metal ions (0.19 µM) 
 
3.4 Effect of the Concentration of Pb2+ and the sensitivity of the SERS Sensor.  
   As the concentrations increase from 0 to 1000 ng/L the intensities of the as(COO
-) 
and s(COO
-) bands decreased and then increased again at 25 ng/L (Figure 7).  
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Contrastingly, the (C-OH) band decreased on decreasing the Pb2+ ion concentration. 
For the peak intensity for (C-OH) there is a deviation from linearity when the 
concentration of Pb2+ is lowered to <25 ng/L.  The fact that at 25 ng/L the as(COO
-) and 
s(COO
-) bands increase in intensity and the (O-H) band re-appears would indicate a 
different metal citrate species being formed at concentrations <25 ng/L than the metal 
citrate species being formed >25 ng/L. This change in metal citrate bonds, though 
unpredicted, can be expected, as the metal to citrate ratio is an important factor in which 
metal-citrate species are formed.  
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Figure 7. SERS spectra for the as(COO
-) and s(COO
-) Raman bands for the Pb2+ 
ion/AuNP samples 
 
The SERS spectral readings were repeated five times and the peak heights for the 
(C-OH) band were averaged with an average standard deviation (SD) of 2.057 and an 
average relative standard deviation (RSD) of 0.147%. Taking the ratio between the 
averaged peak heights for the (C-OH) band for the AuNP solution and the Pb2+/AuNPs 
(I0/n ((C-OH))) and plotting it against the concentration of Pb
2+ ions produced a linear 
fit (R2 = 0.9982) between 50 ng/l and 1000 ng/l (Figure 8).  
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Figure 8. Ratio between the averaged peak heights for the (C-OH) band for the AuNP 
solution and the Pb2+/AuNPs over a Pb2+ ion concentration range of 0 to 25000 ng/L 
produced a linear fit between 50 ng/l to 1000 ng/l (Insert). 
 
A plot of (I0/n ((C-OH))) against the concentration of Pb
2+ ions for concentrations 
1000 ng/l to 25000 ng/l produced a polynomial fit (n = 3) with an R2 value of 1 (Figure 
9). 
 
 
Figure 9. A plot of (I0/n ((C-OH))) against the concentration of Pb
2+ ions for 
concentrations 1000 ng/l to 25000 ng/l 
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3.5 Considerations for practical use.   
   A solution of Pb2+ ions was determined to be 10680 ng/l by ICP-AES. This was 
determined to be 10000 ng/l by this SERS based technique. Due to the low limit of 
detection for the AuNP SERS analysis method the Pb2+ solution was then diluted by 1 in 
100.  Using the SERS analytical approach developed here, the solution was determined 
to be 100 ng/l. Both measurements displayed a 98.6% recovery with a RSD of 2.1% (n 
= 5), which shows that this method is competitive with current preconcentration 
techniques coupled with analytical methods (Table 1).  As this SERS technique is non-
ion specific, replacing the spectroscopy component (GFAAS or FAAS) with this SERS 
technique and retaining the preconcentration step to obtain selectivity could yield very 
high limits of detection (LOD) but at a much lower cost.  
 
Table 1 Real water sample determination of Pb2+ using preconcentration steps 
Preconcentration 
Method 
% Recovery LOD RSD (%) Ref 
Cloud-point extraction 
  
104 – 98.6 1100 ng/L (FAAS)) 3.5 for 20 
µg/L 
(51) 
Cloud-point extraction 
  
104 – 97.8 80 ng/L (GFAAS) 2.8 for 5 
µg/L 
(52) 
Solid-phase extraction
  
95.3 – 97.4 610 ng/L (FAAS) 3.56 for 20 
µg/L 
(53) 
 
4.0. CONCLUSIONS 
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   In the present work, we have successfully demonstrated a highly sensitive SERS 
method for the detection of Pb2+ ions in aqueous media.  The experimental results 
showed that Pb2+ ions could be detected accurately with a high sensitivity (LOD 25 
ng/L) over a wide linear range (25 ng/L – 1000 ng/L).  Due to the non-selective nature, 
this technique would be highly useful for post-preconcentration steps, where Pb2+ ions 
are the only metal ions in the analyte solution.  A major advantage for this technique is 
that Raman spectrometers are relatively cheaper to purchase and maintain than many 
standard analytical techniques (ICP-AES, FAAS, GFAAS). Thus, a 
preconcentration/SERS technique would provide high limits of detection, high sensitivity 
and a cheaper analysis cost giving this cost-effective and sensitive sensing system 
great potential for practical application. 
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FIGURES 
Figure 1. TEM image of the AuNPs used here 
Figure 2. The extinction spectrum for the AuNPs used here 
Figure 3. Some configurations of surface-bound citrate molecules 
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Figure4. TEM of aggregated AuNPs after the addition in the presence of  Pb2+ ions 
(0.19 mM) 
Figure 5. SERS of the surface citrate molecules functionalising AuNPs 
Figure 6. SERS spectrum for the Pb2+/AuNP sample (0.19 mM) 
Figure 7.  ATR-FTIR spectrum for the hydroxyl group of the Pb2+/AuNP samples with 
difference concentrations of Pb2+ ions 
Figure 8. SERS spectra for the as(COO
-) and s(COO
-) Raman bands for the Ni2+, 
Cd2+, Pb2+ and Hg2+ ion/AuNP samples (0.19 µM) and a mixed metal ion/AuNP solution 
containing all of the above metal ions (0.19 µM) 
Figure 9. SERS spectra for the as(COO
-) and s(COO
-) Raman bands for the Pb2+ 
ion/AuNP samples 
Figure 10. Ratio between the averaged peak heights for the (C-OH) band for the AuNP 
solution and the Pb2+/AuNPs over a Pb2+ ion concentration range of 0 to 1000 ng/L 
produced a linear fit 
 
TABLES 
Table 1 Real water sample determination of Pb2+ using preconcentration steps 
Preconcentration 
Method 
% Recovery LOD  RSD (%) Ref 
Cloud-point extraction 
  
104 – 98.6 1100 ng/L (FAAS)) 3.5 for 20 
µg/L 
(51) 
Cloud-point extraction 
  
104 – 97.8 80 ng/L (GFAAS) 2.8 for 5 
µg/L 
(52) 
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Solid-phase extraction
  
95.3 – 97.4 610 ng/L (FAAS) 3.56 for 20 
µg/L 
(53) 
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